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MICROCHEMICAL EXAMINATION OF SOIL 
SOLUTIONS 


BY THE DIVISION OF TESTS, U. 5: BUREAU OF PUBLIC ROADS 


Reported by JAMES A. KELLEY, Junior Highway Engineer 


OILS for highway purposes are tested to determine 

the characteristics indicative of their performance 

as road surfaces, bases for thin wearing courses, sub- 
grades, and as foundations for retaining walls, bridges, 
and similar structures. Information on physical prop- 
erties such as_ stability, compressibility, elasticity, 
and capillarity is generally sought. In such determina- 
tions soil is assumed to consist of inert solids of constant 
volume and containing pores that enlarge and shrink 
as the soil mass changes in volume. 

This assumption is not strictly true as soluble ma- 
terials, organisms, and bacteria are usually present, 
although not in sufficient amounts to require considera- 
tion in the interpretation of the results of physical tests. 

The character and amount of the soluble soil constit- 
uents may have an important bearing upon such prob- 
lems as the durability of concrete and the selection of 
admixtures for use in the stabilization of soils. But 
accurate, quantitative, chemical analyses of soil solu- 
tions are difficult to make, even by the most elaborate 
methods. After some investigation it has been found 
that a comparatively simple and more or less qualitative 
microchemical method may be usefu: in analyzing soil 
solutions. 


SOIL MOISTURE CONTAINS MINERAL MATTER IN SOLUTION ! 


According to the soil scientist the mineral constituents 
of soils are products of the disintegration and degrada- 
tion of rocks. However, due to mixing and transport- 
ing agencies, more minerals are likely to be present 
than those furnished by the rocks from which a soil is 
primarily derived. Even in beach sand it is surprising 
how many minerals other than quartz can usually be 
found. Hence there is the generalization that practi- 
cally every soil contains all of the common rock-forming 
minerals. 

Aside from silicon and iron oxide, the principal soil 
minerals are silicates, ferro-silicates, alumino-silicates, 
or ferro-alumino-silicates of the common bases—sodium, 
potassium, calcium, magnesium, and ferrous iron. 
Other bases such as lithium, barium, or the heavy 
metals may occasionally be present in appreciable 
aoe as may other types of silicates or other mineral 
salts. 

The silicates or silico minerals are all somewhat 
soluble in water, and, being salts of weak acids with 
strong bases, they are greatly hydrolyzed. A con- 
venient illustration is afforded by the well-known rock 
and soil mineral, orthoclase, that with alteration may 
become kaolin. The reaction of orthoclase with water 
may be represented as follows: 


KAI Si; Os + HOHH Al Si; O; + KOH 


Under ordinary soil conditions, with a relatively 
large proportion of carbon dioxide in the soil atmos- 
_1 The material under this heading is summarized from the text book The Soil Solu- 
tion, by Frank K. Cameron, U. S. Bureau of Chemistry and Soils. The Chemical 


Publishing Co., Easton, Pa., 1911, and Williams and Norgate, 14 Henrietta Street, 
Covent Gardens, London, England. 
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phere, the potash formed would be more or less com- 
pletely transformed to the bicarbonate as follows: 


KOH+CO,+ H,O@KHCO;+ H,O 


Unless the hydrolysis of a silicate of the alkalis or 
alkaline earths is a reversible action, no minerals con- 
taining silicon could persist in the soil for any length 
of time and all soils would soon become sterile wastes 
composed essentially of quartz, kaolin, and ferruginous 
oxides. It has been suggested that the original mineral 
particles are protected from decomposition by a jelly- 
like coating on the surface of the soil grains. 

If a soil be shaken up thoroughly with water, the 
resulting solution filtered free of suspended matter and 
then boiled to eliminate the carbon dioxide, generally 
the solution will give an alkaline reaction. This is 
true also of the waters of most springs, ponds, or 
creeks. However, the mineral content of such waters 
varies widely. The water that passes down through 
the larger interstices of the soil is not long in contact 
with the individual soil particles and floccules, and, 
because diffusion of dissolved mineral substances is 
quite slow especially in dilute solutions, it takes up 
but little matter from such aqueous films as it may 
intercept. 

Different conditions govern the action of the soil 
water that returns towards the surface by capillary 
action to form the great, natural, nutrient medium for 
plants. This water moves slowly over the soil parti- 
cles in films. It is in contact with successive fragments 
of any particular mineral and with all the different min- 
erals making up the soil for long periods of time. Con- 
sequently, it tends to become a solution saturated with 
the minerals encountered. 

Many attempts have been made to extract and ana- 
lyze solutions naturally existing in the soil. The re- 
sults obtained have not been very satisfactory, mainly 
because solution in a soil, under conditions suitable for 
crop growth, is held by a force of great magnitude— 
9,000 to 15,000 atmospheres. 

By means of powerful centrifuges it has been possi- 
ble to obtain from soils small quantities (a few centi- 
meters at a time) of dilute solutions containing about 
6 to 8 parts per million of phosphoric acid (P,0;) and 
25 to 30 parts per million of potash (K,O). The analy- 
sis of a few cubic centimeters of a very dilute solution 
is in itself very difficult, necessarily involving uncer- 
tainty as to the value of the results. 

Wheat, corn, and some common grasses have been 
grown to a satisfactory maturity in tap water having a 
concentration of seven parts per million of potassium 
and one-half part per million of phosphoric acid. In 
this connection, investigators believe that the ratio of 
potassium to phosphoric acid of 14 to 1 is quite impor- 
tant. Wheat, grasses, cowpeas, vetches, potatoes, and 
other plants have been grown satisfactorily in solutions 
made by shaking up a soil in distilled water and sepa- 
rating the solution from the solid particles with an un- 
glazed porcelain filter. 
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MANY DIFFERENT MATERIALS FOUND IN SOIL SOLUTIONS 


Some idea of the kinds and quantities of soluble con- 
stituents of soils is furnished by analyses of plant ashes 
and waters from springs, lakes, and rivers. Analyses 
of ashes of ordinary crops are given in table 1.2 In 
presenting these data attention is called to the fact 
that plant physiologists and soil scientists are divided 
into different schools. One group maintains that plants 
do not dissolve significant quantities of minerals that 
would otherwise remain undissolved; another school 
emphasizes the important role that the root exudations 
exercise in this connection.? 


TABLE 1.—Chemical composition of ashes of ordinary crops 








Pana at PI sts Rel 
ene ane Mag- : MOS="4} veya, ; ‘hlor- 
Crops sodaal-| nesia | L4™€ | phoric Silica Se ine 
kalis acid eles 
Cereals: Percem | Percent | Percent |Percent |Percent | Percent | Percent 
Girsinve= eee 30 12 3 46 2 DEG) 1 
Straw s-c.22 eee 12-27 3 7 5 50-70 aD) 2 
Legumes: 
Kernel ease one neem 44 fe 5 35 1 4 2 
Straw 2S ss8- aes 27-41 uf 25-39 8 | 5 2-5 6-7 
Root erops: | 
Roots ees eee 60 2-9 6-12 8-18 1-1 5-12 3-9 
WO PS2es-a aoe é al 3-16 10-35 3-8 3 6-13 5-17 
Grasses in flower .._---- 33 4 8 8 | 35 4 5 





























Table 2 from Hilgard * contains data on the chemical 
composition of river waters. Additional analyses are 
given in table 3. Table 4, also from Hilgard, affords 
some insight into the actual and possible solvent effects 
of water in the soil. 

Authorities agree that it seems impossible to exhaust 
a soil’s solubility by successive leachings with water. 
This was demonstrated in 1863 and 1864 by Ulbricht ° 
and by Schultze °; their general conclusions were cor- 
roborated by King’ in 1904. 

King’s first leaching experiments were made by shak- 
ing up the soil sample with 10 times its dry weight of 
water for 3 minutes, then determining the ingredients 
of the filtrates by very delicate (mostly colorimetric) 
methods. The soil was dried at 120° C. between suc- 
cessive leachings. At each drying not only is the 
soluble matter again drawn to the surface but heating 
a soil renders additional amounts of soil ingredients 
soluble in both water and acids. (See Hilgard.) 


TaBLE 2.—Chemical composition of river waters 




















Potash Phos- Sul- 
and ee Lime | phoric | Silica | phurie | Chlor- 
soda 3 acid acid wae 
Parts | Parts | Parts | Parts | Parts | Parts | Parts 
per per per per per per per 
million | million | miliion | million | million | miltion | million 
Yukon (Alaska) _____ ea 8 7 PLU epee See & 9 0.4 
St. Lawrence (Pointe 
des Cascades) ____---- 8 10 45 | Trace 33 45 2.0 
Missouri (Montana) -_- 32 18 58 0. 22 19 22 18.0 
Mississippi (near Car- 
roltony ia;) eee es 20 41 A ere oe eee 9 16 10. 0 
Rio Grande (Fort. 
Craig, N. Mex.)_...- 44 2 20 Wee ee 10 47 36. 0 











*From the text book How Plants Grow by Samuel W. Johnson, Orange Judd 
Company, New York, 1908, page 171. 

§See The Feeding Power of Plants by Walter Thomas, Plant Physiology, vol. 5 
No. 4, October 1930. 

‘ The text book Soils by Eugene Woldemar Hilgard, The MacMillan Co., New 
York, 1919, and The MacMillan Co., Ltd., London. 

5 Die Landwirtschaftlichen Versuchs Stationen, vol. V (1863), p. 207. 

6 Die Landwirtschaftlichen Versuchs Stationen, vol. VI (1864), p. 411. 

7 Proceedings of the 25th Annual Meeting of the Society for the Promotion of Agri- 
cultural Science (1904), p. 171-190. 
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WATER-SOLUBLE SOIL CONSTITUENTS HAVE POSSIBLE INFLUENCE 
ON THE DURABILITY OF CONCRETE STRUCTURES 


At the eleventh annual meeting of the Highway 
Research Board, it was suggested that disintegration of 
concrete could be of three types; chemical, part chem- 
ical and part physical, and physical.® 

The purely chemical type of disintegration results 
from such causes as contact with sea water, alkali, 
sodium and magnesium sulphates, various acids found 
in ground waters and sewage, or the many chemical 
compounds of a greater or less stability that under 
certain conditions may be set up in the hydration of 
cements. The detrimental chemical, whether in soil 
or water, must be present in sufficient amount to pro- 
duce a readily discernible action. Such action involves 
base exchange and would be expected to begin where 
the concrete is in contact with the detrimental agency 
and to progress from this location toward the interior 
of the structure. In road slabs detrimental action of 
this type would begin at the bottom and progress 
upward. 

It is assumed that in the physico-chemical type of 
disintegration, the active chemical is either in solution 
in water that enters the slab by capillary movement or 
is dissolved by moisture contained within the structure. 
It is then deposited at some location on the interior of 
the structure where the rate of percolation changes, or 
at the surface where evaporation occurs. This theory 
serves to explain why piers, piles, and similar structures, 
immersed in water with chemical content obviously too 
low to injure the completely immersed portions of the 
structure, may, by continued capillary flow and evapor- 
ation, accumulate enough chemicals just above the 
water line to be detrimental. The theory also serves 
to explain the deterioration of pavement slabs that 
begins at the top and works downward. 

The purely physical type of disintegration results 
from the growth of crystals without chemical action. 
The crystals may be formed by the freezing of water or 
by the crystallization of dissolved chemicals due to 
the evaporation of the liquid carrier.” This, like the 
physico-chemical type of disintegration, can be ex- 
pected to begin at the surface of freezing or evaporation 
and to progress toward the interior of the slab. 

Figure 1 illustrates the manner in which soil solutions 
are assumed to travel vertically through road slabs in 
order that crystals may be deposited at the tops of the 
slabs. The rate of travel depends upon the permea- 
bility and this is controlled more by the character of 
voids than by their percentage in the mortar. Fine 
cracks that are almost invisible to the eye afford more 
or less continuous channels to the surface and greatly 
increase the permeability. 

It is well known that disintegration progresses more 
rapidly in natural rocks that contain cracks and lamina- 
tions than in those that do not. In experiments on the 
phenomenon of crystal growth, Professor Taber! found 
that such materials as brick, cement mortar, and pot- 
tery also were less resistant to disintegration when con- 
taining small fissures. 

8 Functions of Steel Reinforcement in Concrete Pavements and Pavement 
Bases, by C. A. Hogentogler and E. A. Willis. Proceedings Eleventh Annual 
Meeting. Highway Research Board, 1931, page 299. 

® The Durability of Concrete by C. H. Scholer. Proceedings Tenth Annual Meet- 
ing, Highway Research Board, 1930, page 132. 

10 The Mechanism of Corrosion of Portland Cement Concrete with Special Refer- 
sate Se Role of Crystal Pressure, by F. O. Anderegg, 1929. Proc. A. C. I., vol. 


11 Frost Heaving, by Stephen Taber. 


The Journal of Geology, vol. 37, No. 5, 
July-August 1929, p. 440. 
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TABLE 3.—Results of water analyses ! 
Sample Potas- | Magne- | Carbonic Sulphurie 
D Source Location sium and | ~-2& Calcium | ~~. |; Silica iI vUriC! Chlorine 
no, F sium acid | acid 
sodium 

Parts per | Parts per | Parts per | Parts per | Parts per | Parts per | Parts per 

| million million million mullion million million | mallion 
a ARYA ETE yep es a em ee raed Paris; uVinindmen = cone ae eet ee eee 27 16 136 27 17 | 370 | Trace 
3) |e (oe) A SES So eee pera ee es pence ees in@sledoriay INe ¥ta-e onan eee ee SS 102 30 180 1 8 | 293 206 
ERY. Ol tee et oe ce ee i) Washington, O22 Senos eee 6 1 Sieee aoe 25 8 10 
alae “aie pine es See ae Sere a Oe PeAeXand nian: Vide sees aru eee Ree 10 | 3 ¢ E e 33 | 11 7 
FS TTI cee Saree nt She ee lWelLoudonni County Viaese. 5s same eee eeee 84 | 15 524 159 21 | 1, 287 | 10 
Gol eee OL 08, ose 52 2k Spal ai eo ea ae ae WATE a OG OLIN Shy Viasat ae = een ee De. 35 133 223 24 129 | 3 
vil cepa (OO) = Satie ec eee aa 5 ee ee ee NOW ESTILO AN Ceoaee ke see ee ene So Meee eee 29 9 151 78 39 333 3 
IMR VGL Ls seem ee oe” in et See Charleston ea eee ee eee ee oe 1,055 | 8 14 40 36 Trace 944 
JamseuUriaceiGlalnsve. .=2u-o cholo oe oe SiAvgustine, Hlaes o-mee eee eee ee 74 | 17 SONS tee 15 52 108 
iD | \QMIIES os ee ere eee See ee GANG oy BCC pene eet ES oe ee 132 74 LOS sees sas 75 985 72 
LL || (Shay bey lnc a AR ee aye ae ee leViountains City benmeecce ate ete ee cee: 8 | 2 | Dede eas 22 | 13 ii 
UMM VVGllaeee send ace ee oe es. se rancor tio Kaye sen eres See ee ee SER 481 | 19 PAU || Sota ak 10 187 | 522 
ROMO DLin Gee a ees Nese eee ee 526 ae ERTS DOLON Llc seme em eee te een ee 300 | 447 542 113 14 3, 004 35 
1 ee fa RO ne <n ete anal ne BN ta es Pe Daa NSH Vill; Leas ee ee ee ee eee Be ee 681 | PAME 427 1, 142 12 1, 695 24 
PAM OL seen teense eee ene Te SH Say SiiGrava Chinas Kony fs een ones AT ee Se le es 19 32 76 219 Tracey |ceseeecane: 1 
RSM DUN See erm ee te eee Be ECM ATI VO See ee eee ns oe ee ere 3 3 AS" |eeeee weet 15 4 2 
oleae GOS ee PU ee tots Marne h@AVO; ArKe Sesmuere a sue week ee aes 4 Trace 69|| Seen oe WY) 8 3 
1k3 4) |b ON eet A A ees ee Sulphur RO kala: eee ee ee eee See eee 293 35 86 121 24 32 482 
TAR, |] ESSER oe i ta es pee ee a HaXcollowstoneuakeemysyO see = een ee eee 20 3 | Ga eee oe 42 8 9 
2a) |) TR Gh 3 253s ae ee eee ee ee LOGEC LY. OER WAV Oley eee eee ee 197 63 DAG Wee 50 | 508 160 
DUES rien neces ee ce cece fee ee Le AGIVAMSSTON sy VLON trees ae eee ee ee eee 30 44 168 248 29 222 | 12 
247.1 bag ees COR ee wee A ee Denver, Colo sa 2 ee Re ee 6, 525 7, 287 QOD Ra ese s 2 28 41, 362 | 1, 492 
Sh | NWA = 2S 5 ee ES eee ee Puchlor COloe me ee wee ee ee eee 261 33 584 saan ns 10 PSD) | cea Shae ee 

| 

Milli- Milli- Milli- Milli- Milli- Mill- Milli- 

grams grams grams grams grams grams | grams 

| per liter | per liter | per liter | per liter | per liter | per liter | per liter 
ie On DULLES WiREN teceaee ene eo eee 4, 750 380 2, 220 EPA CG | See eee | eee ~ 11, 900 
HAAOUSTOM En Ox se ee 31, 380 290 2; O00's| Sears as Ue | ae 3,510 | 53, 070 
| Lake De Smet, Wyo- 1, 424 406 71 67 14 4,129 58 
Bear River, Utah__ 8 13 43 97 7 11 5 
Near Ogden, Utah_ 7, 083 93 1, 148 144 46 | 218 || 13, 703 
Walker River, Nev-_- 32 4 23 56 23 29 13 
Mie akenbahoor Caliiceee oe a eee ee tee 11 3 9 28 14 5 2 
INViOnON Califa ena Spe ea ee 670 60 59 BT Saleaee sree 313 227 
‘Al bertalsnker Ores se eee se = aoe Dee eae ee LO R220 a laa roeee aeons ee 6, 006 232 706 13, 462 
Soapevake sWiashee= so enee neo ok eee 10, 504 108 Trace 6, 419 113 4, 362 3, 526 
Guoliom\icxicosnmearen Orbueaseeeeneneee ea 11, 596 1, 305 442 126 |-ease oes 2, 742 | 20, 076 






































1 These analyses were made in the laboratory of the U. S. Geological Survey. 


TaBLE 4.—Water-extracted chemicals from soils 












































Pot- Sodi- 
Phos- Sul- Car- 
Soil ash Mag- Lime | phorie| Silica |phuric}] U™ | bonic 
and | nesia : . chlo- fa 
soda acid acid sab || 
Parts | Parts | Parts | Parts | Parts | Parts | Parts | Parts 
per per per per per per per per 
million| million) million| million| million) million} million| million 
Bonn, Saxony...------ 126 38 128 Bal 48 100 Ih Bl | es aoe 
Chemnitz, Saxony -_-- 38 37 84 | Trace PAe | cewea st ASD ienoseet 
Sassafras sandy loam_- 13 18 74 7 6 fa Be ee 14 
Norfolk, N. C., sandy 
Sel ea er 21 23 58 10 8 Oe a lee pee 20 
Janesville, Wis., loam_ 25 52 135 ily 40 25m lseeerre 29 
Hagerstown, Pa., clay 
igamimewes see 2s oe 22 77 165 12 21 188 33| Pease 97 


The movement of solutions through mortar is dis- 
closed by the formation of crystalline deposits such as 
are illustrated in the photomicrograph shown in figure 2. 


ELECTROLYTIC PROPERTIES OF MINUTE FILMS IMPORTANT IN THE 
STABILIZATION OF SOIL 


The theory of adhesives ” has much significance in 
the selection of chemical admixtures for stabilizing 
soils. For a given cementing material to adhere 
strongly to a solid surface it must be adsorbed at the 
solid surface; it must wet the solid surface and form a 
liquid film there. For an adhesive to wet a soil par- 
ticle coated with an existing soil gel or in the presence 
of air, the adhesive must be adsorbed more strongly 
than either the gel or the air and must displace which- 
ever one is present. 

After a period of drought, adsorbed air on the surface 
of dust particles will often cause raindrops to roll 


McGraw-Hill Book 





12 Sea Applied Colloid Chemistry, by Wilder D. Bancroft. 
0., Inc., New York and London, 1932. 


See Water Supply Paper 364, by F. W. Clarke, 1914. 
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WATER ENTERS SLAB HERE 


WATER REMOVES SOLUBLE CHEMICALS FROM SUBGRADE 


Figure 1.—ILLUSTRATING GROWTH OF CRYSTALS BY CHEMICALS 
THROWN OvrT oF SOLUTION. 


along in the dust without wetting it. Even after a 
heavy shower the dust may be wetted only to a depth 
of less than 4 inch. Any treatment that cuts down the 
amount of adsorbed air makes the dust more easily 
wetted. In lke manner any treatment that reduces 
the affinity of the soil particle for the existing film of 
gel with which it may be covered makes the soil particle 
easier to coat with the soil-stabilizing adhesive. 

However, materials used to reduce or increase the 
affinity of soil particles for existing coatings can be 
selected only after obtaining some knowledge of the 
electrolytic properties of the soil particles, of the 
existing films, and of the proposed adhesives. 

For a given adhesive and given soil particles, the 
thinnest film is the strongest. slight change in 
either the adhesive or the materials to be cemented is 
sufficient to cause considerable variation in the thick- 
ness of the adhesive film and consequently in the 


RGB ET CHRO DES 


Vol. 16, no. 5 














Figure 2.—Deposits oF CHEMICAL AT EDGES OF FISSURE IN 
Mortar. LenetuH or FissurE SHown ABOUT ONE-SIX- 
TEENTH INcH. MAGNIFIED 55 DIAMETERS. 


strength of the resulting mixture of adhesive and ag- 
gregate. 

A knowledge of the chemical composition of materials 
serves to throw some light on their electrolytic proper- 
ties. The chemical composition of the water-soluble 
constituents of soils controls to some extent the electro- 
lytic properties of the existing gel films. This explains 
the interest aroused in the study of soil solutions in 
connection with research on soil stabilization by means 
of chemicals or admixtures of substances other than 
soil materials. Such research, however, is just getting 
under way. To date microchemical "analyses have 
been used principally in studying the durability of 
concrete and the warping of concrete pavements. 


ee 





SIMPLE PROCEDURE INVOLVED IN ANALYSIS BY THE MICRO- 
CHEMICAL METHOD 


Examination has been made of samples of subgrade 
soil and concrete from numerous locations in the United 
States, of samples of ground water and solutions of soil 
chemicals made synthetically, and of cement mortar 
samples treated specially in the laboratory. The 
procedures used were essentially as follows: 

Soil samples.—Thirty-five grams of soil, air dried 
and prepared as for routine subgrade tests (see PUBLIC 
Roaps, September 1931), were placed with 30 grams of 
distilled water in a crystallizing dish about 2 inches in 
diameter and 1% inches high and were thoroughly 
mixed four times by stirring at intervals of 1 hour. 
The apparatus used is shown in figure 3. One hour 
after the last mixing the solution portion of the mixture 
was decanted with a pipette and filtered through high- 
grade filter paper. Six drops of the filtrate were then 
placed on a glass slide which was then placed in a 
desiccator. The slide was examined under the micro- 
scope when the liquid had evaporated. Photomicro- 
graphs were made of the crystal formations either as 
nuclei or as a mass. 

Cement mortar and scale samples.—Samples of con- 
crete, concrete scale, and the like were pulverized in a 
mortar with a pestle. Twenty-five grams of the result- 
ing powder and 15 grams of distilled water were then 
placed in a crystallizing dish. The mixture was stirred 
and the slides were then prepared in the same manner as 
was done with the soil samples. 


Ground water.—Ground water, sampled full-strength 
in the field, was filtered in the laboratory in the same 
manner as the soil and scale solutions. Slides were 
made from the resulting filtrates in the manner just 
described for the soil filtrates. 


Solutions of known chemicals and synthetic alkalis.— 
Solutions of known chemicals and synthetic alkalis 
were filtered and then examined in the same manner as 
the other filtrates described above. 





Ficure 3.—Apparatus USED IN THE PREPARATION OF SAMPLES FOR Microscopic EXAMINATION. 
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C- SODIUM CARBONATE 
100D 
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Ba DiEUTeESSODIUM SULPHATE 
100D 





F -MODERATE SODIUM SULPHATE 
100D 
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G ~ CONCENTRATED SODIUM SULPHATE 
64D 


Figure 4.—Typicat Sopium CRYSTALS. 


TYPICAL CRYSTALS OF WATER-SOLUBLE MATERIALS 
PHOTOGRAPHED 
Figures 4, 5, and 6 show photomicrographs of crystals 
of the well-known chemicals examined. An attempt 
was made to include the constituents of common soils 
and chemicals that various authorities believe may 
attack concrete.’ In figure 4 and those that follow 





the magnification is shown in diameters, the letter ‘‘D” 
being used to indicate diameters. 


13 Disintegration of Concrete, report of committee no. 803, by G. M. Williams, 
Journal A. C.I., vol. 1, no. 1, November 1929. 

The Action of Sulphate Water on Concrete, by D. G. Miller, PuBLic Roaps, vol. 
8, no. 9, November 1927. 

The Causes of Concrete Destruction on Reconditioned Soils, by C. H. 
Proceedings First International Congress of Soil Science, 1927, pp. 662-685. 


Gessner, 
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A-CALCIUM HYDROXIDE. 85D B.-CALCIUM CHLORIDE .135D 





C.- CALCIUM SULPHATE CRYSTAL .1.7 D 








D.- CALCIUM SULPHATE .45D E-CALCIUM SULPHATE.45 D 


Figure 5.—Typicat Caucium Crystats. D SHows CrystTas 
ForMED FRoM A WEAK SOLUTION AND E SHows CRYSTALS 
ForMED F Rom A STRONG SOLUTION. 


Additional information on the appearance of typical 
crystals is furnished by a number of reproductions of 


photomicrographs by Arthur W. Doubleday * and 
drawings by ue G. Hinricks.” 
Terms such as “‘strong,’”’ ‘“‘normal,’’ “weak,” and 


“amorphous”? were used to designate the degrees of 
crystal concentration found. 

“Strong” signifies a vigorous mass-growth, one 
crystal occasionally extending throughout the field of 
vision (figs. 4-B and 5-E). 

““Normal’’ was used to signify definitely formed indi- 
vidual crystals distributed generally throughout the 
field of vision (figs. 4-D and 6-C). 

“Weak” was used to designate crystal nuclei of 
which a relatively few occurred in the field of vision 
(figs. 5-B and 6-E). 

“Amorphous” was used to designate growths similar 
in appearance to cement mortar (fig. G= Br 

It is interesting to note how the crystals of some 
chemicals differ in character due to differences in the 
strengths of the solutions from which the crystals were 
obtained. This is true of crystals from sodium hydrox- 

14 Photomicrographs of Crystallizable Salts, by Arthur W. 


Research Publishing Co., Boston, Mass. 
16 Micro-chemical Analysis, by Carl G. Hinricks. 


Doubleday, 1916, 














ide (figs. 4-A and 4-B), from sodium sulphate (figs. 
4—-K, 4-F, and 4-G), and from calcium sulphate (figs. 
5-D and 5-E). This was not found true for crystals 
from magnesium sulphate solutions. 

The calcium sulphate or gypsum crystal shown in 
figure 5-C, has a maximum lineal dimension of about 
2 inches. It was obtained by W. I. Watkins from 
the Red River valley in Minnesota. Samples of gumbo 
soil from this location were examined in connection 
with studies of the warping of concrete pavements. 
The alkali crystals (fig. 6-C) were made up syntheti- 
cally to represent crystals that might be expected to be 
formed by the water at Billings, Mont. The effect of 
this water on concrete has been extensively studied.” 
The alkali crystals and those shown in figure 6—E have 
a typical saw-buck form similar to crystals from dilute 
sulphate solutions. 

The crystals shown in figures 6—-F and 6-G are from 
two samples of the same cement mortar. The sample 
of figure 6-—G was subjected to the action of a synthetic 
alkali solution while that represented by figure 6—F was 
not subjected to such action. The mortar furnishing 
the crystals shown in figure 6—G was obtained from 
that portion of a test sample located about 2 inches 
above the portion of the sample in contact with the 
chemical solution. The treatment had progressed for 
about 2 months. 

The hexagonal crystals from the treated mortar 
(fig. 6-G) were probably produced by the same sul- 
phates that produced the saw-buck crystal. The hex- 
agonal form of the sulphate crystal has been found 
only in cement mortars and concretes, and may be due 
to the presence of sulphur in the mortar as well as in 
the penetrating chemical solution. 


VARIABLES AFFECTING CRYSTAL GROWTH DISCLOSED BY OBSER- 
VATIONS ON MORTAR SAMPLES IN THE LABORATORY 


Field inspections of concrete pavements show that 
crystal growth is quite erratic, occurring at times on one 
side of the pavement and not on the other, and even in 
one portion of a slab and not in the remainder. This 
suggests the possibility that mixing or curing conditions 
in addition to characteristics of materials may influence 
crystal growth. Variables that should be investigated 
are the amount of water used in the mixture, the manner 
of curing, and the loss of moisture from the slab by 
evaporation due to temperature and wind and due to 
absorption by the subgrade soil. 

Some information was obtained on this phase of the 
problem as a result of observations made on three sets 
of samples subjected to the action of synthetic alkali 
solutions in the laboratory. The first set consisted of 
8 samples, 2 inches in diameter and 1} inches high 
made with 1:2 mortar in the spring of 1932. The second 
set consisted of 8 samples, 4 inches wide, 6 inches long, 
and % inch thick made with 1:1% mortar at the same 
time as the first set. The third set consisted of 4 
samples, 4 inches in diameter and 4 inches high, made 
with 1:14 mortar in the spring of 1933. 

All of these samples were placed on porous sand bases 
saturated with alkali solution. An impervious seal was 
placed around each sample to prevent the escape of the 
alkali solution except by capillary action through the 
sample. 


16 Bulletin No. 81 of Montana Agricultural College Experiment Station. 
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A-MAGNESIUM SULPHATE 
275D 





B- POTASSIUM SULPHATE 
64D 





C - ALKALI 
200D 


D- POTASSIUM 
200D 


E- CALCIUM CHLORIDE AND 
MAGNESIUM SULPHATE. 450D 


IODIDE 


soreness 





F- FROM NORMAL CEMENT MORTAR 
50D 


G- FROM CEMENT MORTAR AFTER TREATMENT WITH 
MAGNESIUM AND SODIUM SULPHATES, 50D 


Figure 6.—MIscELLANEOUS CRYSTALS. 


Observations of these samples definitely disclosed that | 


disintegration is caused by solutions drawn upward by 
capillary action. The disintegration began at the top 
of samples and progressed downward. It was also 
disclosed that the rate at which disintegration occurs, if 
it occurs at all, is considerably affected by slight changes 
in materials, in the method of mixing and placing ¢,andin 
the curing. Figure 7 shows variations in the condition 
of samples of the first set after subjection to the alkali 
action for approximately 6 weeks. 

In studying the durability of concrete, inspections 
were made of many concrete pavements and some atten- 
tion was also given to culverts, retaining walls, piers, 
abutments, and sidewalls. Aside from ‘pavements in 
good condition, the examinations were confined to areas 
with conditions as shown in figure 8. 

In general, concrete pavements and adjacent sub- 
grades were sampled i in the following manner: A loca- 





tion representative of conditions was selected after 
careful visual inspection and the soil was sampled 
through a hole dug in the shoulder adjacent to the pave- 
ment as shown in figure 9. The concrete was sampled 
above the location of the soil sample by means of ham- 
mer and drill. Results of the analyses are shown in 
figures 10 to 18 inclusive. 

Figure 11 shows crystals formed from subgrade soli 
beneath pavements in New York State. 

Figure 13 shows a disintegrated concrete gutter, a 
scaled pavement adjacent to the gutter, a crystal pro- 
duced from the mortar of the gutter, and a crystal pro- 
duced from the subgrade soil beneath the gutter. 

Figure 14 shows a miscellaneous group of saw-buck 
crystals formed from subgrade soils beneath pavements 
that had scaled and crystals formed from concrete sur- 
faces and structures that had deteriorated. 
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Figure 9.—MeEtTHOD OF SAMPLING. 





A-MOTTLED SLAB. SERVICEABILITY 


B.— PROGRESSIVE SCALE 
NOT REDUCED.AGE 7 YEARS 


AGE 9 YEARS 





C-CONCRETE POWDERED AND 
COHESIONLESS.AGE. 10 YEARS 


D.-— MAP CRACKING 
AGE4 YEARS 
OF PAVEMENT ConpbiITION INDICATIVE OF CRYSTAL GROWTH. 


Figure 8.—TyYPreE 
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E-465 D Fence.) 


Figure 10.—Crysrats Formep From DETERIORATED STRUCTURES AND THE ADJACENT Sorin AND WATER. 
UNDER PROGRESSIVELY SCALED SECTION OF RoaAD IN VIRGINIA. 


Section oF Turis Roap. 
DISINTEGRATED WALL IN PENNSYLVANIA. 
CARBONATE F'RoM Sort IN PENNSYLVANIA. 


Figure 15 shows crystals produced from a scaled sec- 
tion of concrete slab, and also from the saturated sand 
cushion, the ground water, and the subgrade soil be- 
neath the slab. 

Figure 16 shows damage to new and old sections of a 
retaining wall and sulphate crystals formed from sam- 
ples from the new wall and from the soil. 

Figure 17 shows the hexagonal form of sulphate 
crystals made from six samples of mortar from different 
concrete structures. Five of the six structures showed 
evidences of scaling. The lower right crystal was 
made from a sample from the culvert head-wall shown, 

The upper pictures of figure 18 show salt crystals 
formed from deteriorated concrete, probably damaged 
by ice-prevention measures. The lower pictures of 
figure 18 show strong sulphate crystals made from 
spring water from a side-hill cut adjactent to concrete 
that had disintegrated. 


LABORATORY TESTS CONVINCING THAT HARMFUL CHEMICALS ARE 
DEPOSITED BY CAPILLARY ACTION 

The foregoing data have been presented to demon- 

strate the suitability of the microchemical method of 

analysis for determining the presence of chemicals in 
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A, FRom Sorin 
Tue FissurRE SHOWN IN FiGuRE 2 WAS IN A SCALED 


B, From DIsINTEGRATED TILE IN DamMaGED WALL IN Burrato, N. Y. C, From a Bapbty 
D, From WatER FLowinG OvER SAME WALL ASIN C. EH, AMorPHUS CALCIUM 
F, From Soi. UNDER FissuRED PAVEMENT SHOWN IN H. G, Satt CrystTats 
From ConcrETE IN BADLY CRACKED AND CHECKED ROAD IN ALABAMA. 


H, FissurEpD PAVEMENT IN GEORGIA. 





165 D 165D 





Figure 11—ProaressivE SCALING OF PAVEMENT, AND CRYS- 
TALS FORMED FROM Soil SAMPLES TAKEN FROM BENEATH 
THE PAVEMENT. 
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Figure 12.—Tyrican Crystats From Soins AND Mortars. A, From Rep RiveR VALLEY GuMBO IN MINNESOTA. B, 
AND ©, From DETERIORATED PAVEMENT SLAB IN ALABAMA. D, From a Texas Soi, AssociaTED WiTH PAVEMENT WARPING. 
E anp F, From Canirornia Sorts ASSOCIATED with PAVEMENT WARPING. 





FicgurE 13.—Scauine or Concrete Gurrer anp ApDJACENT Roap Surrace. Tue Lert Inset SHows A CRYSTAL (220 D) 


FoRMED FROM THE Sor, BENEATH THE GUTTER, AND THE RicuHt Inset SHows a CrystaL (70 D) FoRMED FROM A 
SAMPLE OF CONCRETE FROM THE GUTTER. 
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Figure 14.—Tur Two Uprrrer Rows SuHow Crystats ForMED FROM SOILS BENEATH PAVEMENTS THAT HAD SCALED. THE 
Lower Row Suows SrimitarR Crystats FoRMED FROM CONCRETE THAT HAD DETERIORATED, THE SOURCE OF HACH 
CrystaL Brina INDICATED. 


weak solutions containing soluble constituents of soil, 
concrete, or other materials. 

In studies of soil stabilization it is important that 
something be known of the character of the films sur- 
rounding soil particles. This is indicated by studies 
made by R. C. Schappler of the Missouri State High- 
ey Department. Referring to clay binders ' he states 
that: 


The nature of the ions held on the surface of the colloid, be- 
sides affecting the plastic index of the soil, also influences the 
vapor pressure and the swelling properties of the clay in contact 
with free water surfaces. The importance of the above facts is | =~ ""#¥"s"Eiss=s —— _— 
apparent since, by taking advantage of the base exchange capac- FROM GROUND WATER FROM SUBGRADE SOIL 
ity of the soils available, it is possible in some cases to adjust the 200D 64D 
properties of soil so as to supply.a satisfactory binder. With a 
given soil it is possible to select a cation for exchange which will 
result in a small amount of swelling, a relatively large plastic 
index and a low vapor pressure. 

_ None of our highway surfaces are ideal in composition 
since they all have voids or interstices filled with un- 
stable materials, air or water being the most common. 
The distribution of these voids has been shown by 
Professor Taber’s experiments to be of primary impor- 
tance. A rigid body of porous, homogeneous material 
will withstand weathering much better than a body 
having a fissured or laminated composition. The fis- oe ue so : 
sured condition produces planes of weakness and the FROM SAND CUSHION FROM CONCRETE 





= Fe 









fissures are accentuated by thermal changes, flow of oy ie 
ea % Fieure 15.—Crystats Mapg rrom MarTeriaLts TAKEN FROM 
17 Stabilizing Sand and Gravel Surfaces, by Rk. C.Schappler, an unpublished paper THE Same LOocATION ON A ConcRETE Roap. 


presented at the Kansas Highway Conference, Manhattan, Kans., Feb. 5, 1924. 


Pa BAL Gagii07 A) 


Vol. 16, no. 5 











FROM SOIL. 125D FROM CONCRETE. 40D 





Figure 16.—DIsINTEGRATED RETAINING WALLS AND CRYSTALS 
FORMED FROM THE CONCRETE AND ADJACENT SOIL INDICATING 
PRESENCE OF SULPHATES. 


moisture, and concentration of deposited material 
carried in solution or suspension. Fissured surfaces of 
materials such as rock, wood, and concrete often have 
a ridge of foreign material along the opening of each 
fissure. 

All natural waters carry some material in solution or 
suspension, and the logical sources of the material are 
the soil and the atmosphere. Ground water with con- 
centrations of chemicals as low as seven parts per mil- 
lion of potash and one-half part per million of phosphoric 
acid will sustain the growth of wheat, corn, or hay. 
Ground waters and river waters as a rule have much 
higher concentrations and, in addition to the potash and 
phosphoric acid, they may contain crystal-forming 
chlorides, sulphates, and carbonates. A concrete pave- 
ment does not have a root system for collecting water 
from deep in the soil but subgrades often have high 
capillarity and are capable of continuously supplying 
moisture to the bottom of the pavement slab. The 
amount of moisture entering the bottom of the slab and 
escaping by evaporation from the top depends upon the 
permeability of the concrete. 

Laboratory tests on mortar samples clearly disclosed 
how solutions in contact with the bottom of the samples 
were able to pass up through the mortar, deposit erys- 
tals, and thus cause deterioration beginning at the tops 
of the samples. With the crystal growth, there was a 
horizontal expansion of the mortar amounting to as 
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Figure 17.—S1x-sipeEpD CrYSTALS FROM DETERIORATED CoNn- 
CRETE. THE CRYSTALS, WITH THE EXCEPTION OF THE ONE 
ILLUSTRATED ON THE LOwsER RigHT, WERE MapbE FROM 
SAMPLES OF Roap SurFaces. THE Lower Ricut Crystau 
Was Mabe FROM A SAMPLE OF THE CULVERT HEAD-WALL 
SHOWN. 


much as several percent in a month and occurring 
throughout the height of the sample. 

Some samples were able to withstand sulphate action 
indefinitely without showing any signs of distress. In 
others resistance to the sulphate action varied greatly 
depending upon the water-cement ratio used in mixing 
and also upon the methods of curing. 

Table 5 is based on the field studies made and shows 
that of the 98 samples of mortar from sections of pave- 
ment that had sealed, 71 contained soluble chemicals; 
78 were from sections constructed on subgrade with poor 
drainage; 88 were on subgrades with high capillarity ; and 
65 were on subgrades that furnished crystals, of which 
39 were of the saw-buck type. 

Of 28 samples of mortar from pavements that had not 
sealed, but 5 contained soluble chemicals, only one of 
which furnished crystals of the saw-buck type. Twenty- 
two samples were from sections laid on poorly drained 
subgrades, 23 were from sections on subgrades with high 
capillary properties, and 12 were from sections on sub- 
grades furnishing crystals four of which were of the 
saw-buck type. 

Of 43 samples of mortar from pavements located on 
subgrade soils yielding the sulphate crystal of saw-buck 
shape, 39 were from pavements that had scaled. 

In some instances, the data may seem to indicate 
quite positively that a definite relation exists between 
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TABLE 5.—Classification of pavement and subgrade samples studied 


Subgrade soi! 











Crystals of soluble chemicals in concrete 









































Drainage conditions Capillary properties Crystals of soluble chemicals 
Pavement condition | 
A B C 1) E F G H I J 
Ratio Ratio e Ratio sell Ratio 
A: is : C2D = Sawbuck| Other |E:(F+G) = Sawbuck| Other | H:(I+J) 
Good Poor Low High None type | types None type types 
Number | Number Number | Number Number | Number | Number Number | Number | Number 
C0 G5 los 5 Se ee ee 6 22 be es ( : 1:4.6 16 4 8 1:0.8 23 1 1:0,2 
Shite Lee ae 20 78 1:3.9 10 88 1:8.8 33 | 39 | 26 122.0 27 21 50 1:2..6 
Ue ed |, A ee aS | s=4 
miptate et os 126 126 126 126 














the performance of pavements and the occurrence or 
the character of soluble chemicals in the subgrade soils 
under the pavements. However, the pavements 
studied have been subjected to a number of other 
influences with individual effects that have not been 
disclosed by the present investigations. 

Crystals from the Red River valley gumbo soil 
on which pavement slabs had warped slightly were 
similar to gypsum crystals that were found in a Mis- 
sissippi soil under warped pavement investigated by 
the bureau.’® Saw-buck crystals, indicative of the 
presence of sulphates, were found also in Texas and 
California soils under slabs that had warped. However, 
it is not yet definitely known whether the presence of 
the sulphates was due to a coincidence or if they were 
factors contributing to the warp. 

Until the relative effect of such variables as the 
drainage and physical characteristics of the subgrade 
has been determined, data on the association of the 
water-soluble constituents of the subgrade soil and the 
occurrence of crystal growth in concrete pavements 
can be considered of value only as assistance to those 
interested in making similar research. _ Information is 
presented for this reason and not because it is in any 
way conclusive. 


CONCLUSIONS PRESENTED 


Results of investigations seem to indicate that in 
studies of the factors affecting the performance of 
concrete surfaces and structures careful consideration 
should be given to the drainage of the subgrade, the 
capillarity of the subgrade soil, and the water-soluble 
ens in both the concrete and the contiguous 
soil. 

While much yet remains to be learned regarding the 
microchemical method of analysis, it seems to be 
especially promising for use as an indicator of the 
presence of very small amounts of soluble constituents 
in cements, mortars, road soils, and similar substances. 


18 See The Soil Profile and the Subgrade Survey by W. I. Watkins and Henry 
Aaron, PurLIc ROADS, vol. 12, no. 7, September 1931. 
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Figure 18.—Tur Urrer Row Suows Sart Crystats MapsE 
FROM SAMPLES OF CoNCRETE. THE LOWER ILLUSTRATIONS 
SHow SuLPHATE CRYSTALS MADE FROM SPRING WATER. 














PUBLICATION ON BRIDGE PIERS AVAILABLE 


Bridge Piers as Channel Obstructions, by David L. 
Yarnell, senior drainage engineer of the Bureau of 
Agricultural Engineering, has recently been published 
by the Department of Agriculture as Technical Bul- 
letin No. 442. 

This bulletin presents the results of numerous 
experiments on the obstruction of bridge piers to the 
flow of water. It describes test procedures used and 
develops coefficients for different shapes of piers using 








larger piers and a more extensive range of conditions 
than has hitherto been attempted. The four bridge- 
pier formulas most commonly used in the United 
States are discussed. 

The bulletin contains numerous illustrations, charts, 
and applications of the bridge-pier formulas to test and 
theoretical conditions. 

Copies of this publication may be purchased from 
the Superintendent of Documents, Government Print- 
ing Office, Washington, D. C., for 10 cents each. 
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PUBLICATIONS of the BUREAU OF PUBLIC ROADS 








Any of the following publications may be purchased from 
the Superintendent of Documents, Government Printing Office, 
Washington, D. C. As his office is not connected with the 
Department and as the Department does not sell publications, 
please send no remittance to the United States Department of 
Agriculture. 


ANNUAL REPORTS 
Report of the Chief of the Bureau of Public Roads, 1924. 


5 cents. 


Report of the Chief of the Bureau of Public Roads, 1927. 


5 cents. 


Report of the Chief of the Bureau of Public Roads, 1928. 


5 cents. 


Report of the Chief of the Bureau of Public Roads, 1929. 


10 cents. 


Report of the Chief of the Bureau of Public Roads, 1931. 


10 cents. 


Report of the Chief of the Bureau of Public Roads, 1932. 


10 cents. 
Report of the Chief of the Bureau of Public Roads, 1933. 
Report of the Chief of the Bureau of Public Roads, 1934. 


DEPARTMENT BULLETINS 


No. 136D . . Highway Bonds. 20 cents. 

No. 347D . . Methods for the Determination of the Physical 
Properties of Road-Building Rock. 10 cents. 

No. 583D .. Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 25 cents. 

No. 1279D . . Rural Highway Mileage, Income, and Expendi- 


tures, 1921 and 1922. 


ECU NIGATSBULLETINS 

No. 55T . . Highway Bridge Surveys. 20 cents. 

No. 265T . . Electrical Equipment on Movable Bridges. 
35 cents. 

MISCELLANEOUS CIRCULARS 

No. 62MC .. Standards Governing Plans, Specifications, 


Contract Forms, and Estimates for Federal- 
Aid Highway Projects. 5 cents. 


MISCELLANEOUS PUBLICATIONS 


No. 76MP . . The results of Physical Tests of Road-Building 
Rock. 25 cents. 


Federal Legislation and Regulations Relating 
to Highway Construction. 10 cents. 


Supplement No. | to Federal Legislation and 
Regulations Relating to Highway Construction. 


No. 191... Roadside Improvement. 10 cents. 


The Taxation of Motor Vehicles in 1932. 35 cents. 


REPRINT FROM PUBLIC ROADS 


Reports on Subgrade Soil Studies. 40 cents. 


Single copies of the following publications may be obtained 
from the Bureau of Public Roads upon request. They cannot 
be purchased from the Superintendent of Documents. 


SEPARATE REPRINT FROM THE YEARBOOK 


No. 1036Y . . Road Work on Farm Outlets Needs Skill and 
Right Equipment. 


TRANSPORTATION SURVEY REPORTS 


Report of a Survey of Transportation on the State Highway 
System of Ohio (1927). 


Report of a Survey of Transportation on the State Highways 
of Vermont (1927). 


Report of a Survey of Transportation on the State Highways 
of New Hampshire (1927). 


Report of a Plan of Highway Improvement in the Regional 
Area of Cleveland, Ohio (1928). 


Report of a Survey of Transportation on the State Highways 
of Pennsylvania (1928). 


Report of a Survey of Traffic on the Federal-Aid Highway 
Systems of Eleven Western States (1930). 


A complete list of the publications of the Bureau of Public 
Roads, classified according to subject and including the more 
important articles in PUBLIC ROADS, may be obtained upon 
request addressed to the U. S. Bureau of Public Roads, Willard 
Building, Washington, D. C. 
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